Salt tolerance quantitative trait loci analysis of rice has revealed that the SKC1 locus, which is involved in a higher K + /Na + ratio in shoots, corresponds to the OsHKT1;5 gene encoding a Na + -selective transporter. However, physiological roles of OsHKT1;5 in rice exposed to salt stress remain elusive, and no OsHKT1;5 gene disruption mutants have been characterized to date. In this study, we dissected two independent T-DNA insertional OsHKT1;5 mutants. Measurements of ion contents in tissues and 22 Na + tracer imaging experiments showed that loss-of-function of OsHKT1;5 in salt-stressed rice roots triggers massive Na + accumulation in shoots. Salt stress-induced increases in the OsHKT1;5 transcript were observed in roots and basal stems, including basal nodes. Immuno-staining using an anti-OsHKT1;5 peptide antibody indicated that OsHKT1;5 is localized in cells adjacent to the xylem in roots. Additionally, direct introduction of 22 Na + tracer to leaf sheaths also demonstrated the involvement of OsHKT1;5 in xylem Na + unloading in leaf sheaths. Furthermore, OsHKT1;5 was indicated to be present in the plasma membrane and found to localize also in the phloem of diffuse vascular bundles in basal nodes. Together with the characteristic 22 Na + allocation in the blade of the developing immature leaf in the mutants, these results suggest a novel function of OsHKT1;5 in mediating Na + exclusion in the phloem to prevent Na + transfer to young leaf blades. Our findings further demonstrate that the function of OsHKT1;5 is crucial over growth stages of rice, including the protection of the next generation seeds as well as of vital leaf blades under salt stress.
SUMMARY
Salt tolerance quantitative trait loci analysis of rice has revealed that the SKC1 locus, which is involved in a higher K + /Na + ratio in shoots, corresponds to the OsHKT1;5 gene encoding a Na + -selective transporter. However, physiological roles of OsHKT1;5 in rice exposed to salt stress remain elusive, and no OsHKT1;5 gene disruption mutants have been characterized to date. In this study, we dissected two independent T-DNA insertional OsHKT1;5 mutants. Measurements of ion contents in tissues and 22 
Na
+ tracer imaging experiments showed that loss-of-function of OsHKT1;5 in salt-stressed rice roots triggers massive Na + accumulation in shoots. Salt stress-induced increases in the OsHKT1;5 transcript were observed in roots and basal stems, including basal nodes. Immuno-staining using an anti-OsHKT1;5 peptide antibody indicated that OsHKT1;5 is localized in cells adjacent to the xylem in roots. Additionally, direct introduction of 22 Na + tracer to leaf sheaths also demonstrated the involvement of OsHKT1;5 in xylem Na + unloading in leaf sheaths. Furthermore, OsHKT1;5 was indicated to be present in the plasma membrane and found to localize also in the phloem of diffuse vascular bundles in basal nodes. Together with the characteristic 22 Na + allocation in the blade of the developing immature leaf in the mutants, these results suggest a novel function of OsHKT1;5 in mediating Na + exclusion in the phloem to prevent Na + transfer to young leaf blades. Our find-
INTRODUCTION
Soil salinization is a severe environmental stress, which limits the productivity of agricultural crops. Salinization can commonly occur due to agricultural practices associated with irrigation, and nearly 50% of irrigated lands in the world, which is approximately 230 Mha, is estimated to be salt-affected (Pitman and L€ auchli, 2002; Ruan et al., 2010; Shabala, 2013; Suzuki et al., 2016) . Not only irrigation but seawater incursions into rivers and aquifers in coastal areas can be a serious source of salinization (Pitman and L€ auchli, 2002) . Soil salinization occurs frequently in arid and semi-arid regions; however, it is also widespread in humid regions such as South and Southeast Asia (Szabolcs and Pessarakli, 2010) , where rice cultivation is primal as staple food production. Overaccumulation of salts outside of roots and inside of the plant body leads to two major problems, water deficit and ion toxicity (Munns and Tester, 2008; Horie et al., 2012; Deinlein et al., 2014) . Na + is one of the major toxic elements in salt-affected soil. Significant attention has been paid to the function of the high-affinity K + transporter (HKT) family because of the robust permeability for Na + when this cation exists in excess (Schachtman and Schroeder, 1994; Rubio et al., 1995 Rubio et al., , 1999 . Analyses of the structure and the transport property of HKTs led to the notion that HKT transporters can be classified into at least two subfamilies, class I and class II (M€ aser et al., 2002b; Horie et al., 2009) . In contrast to the class II subfamily that in general shows Na + -K + co-transport activity, class I HKT transporters exhibit Na + -selective transport with poor K + permeability (Horie et al., 2009 ). AtHKT1;1, a class I transporter in Arabidopsis thaliana, was demonstrated to function in Na + transport (Uozumi et al., 2000) and Na + exclusion from leaves during salt stress by mediating Na + unloading from the xylem particularly in roots (M€ aser et al., 2002a; Sunarpi et al., 2005; Davenport et al., 2007; Møller et al., 2009) . In rice, the OsHKT1;5 gene has been narrowed down as a salt tolerance determinant by the quantitative trait loci (QTL) analysis (Ren et al., 2005) . The locus from a tolerant variety was originally targeted as the QTL that leads to higher K + accumulation in shoots during salt stress and is therefore designated as the shoot K + content 1 (SKC1). The Saltol locus is one of the major salt tolerance QTL of rice, which is involved in Na + /K + homeostasis during salt stress (Thomson et al., 2010) , and the SKC1 locus was later found to be localized within the Saltol locus (Ismail and Horie, 2017) . The OsHKT1;5 gene, the product of which showed preferred Na + -selective transport in heterologously expressed cells, was demonstrated to have rather a larger influence on the reduction of Na + concentration in shoots (Ren et al., 2005) . In addition, the salt tolerance QTL analysis using durum wheat (Triticum turgidum) has revealed that the TmHKT1;5-A gene derived from a wild wheat relative Triticum monococcum corresponds to the Na + exclusion 2 (Nax2) QTL that contributes to lowering of the Na + level in leaves Byrt et al., 2007) . Phenotypic analyses on the near isogenic line (NIL) for Nax2 under salt stress indicated that the Nax2 locus governs superior Na + exclusion from leaf blades facilitating more K + accumulation by mediating Na + unloading from the xylem in roots Byrt et al., 2007) . In fact, the NIL of durum wheat harboring TmHKT1;5-A increased grain yield by 25% compared with NILs without the locus in salt-affected fields (Munns et al., 2012) . Furthermore, studies strongly suggested that TaHKT1;5-D is the causal gene for the Kna1 locus, which has long been known to achieve efficient leaf Na + exclusion maintaining a higher K + /Na + ratio in leaves in bread wheat that shows higher tolerance to salt stress compared with durum wheat (Gorham et al., 1987 (Gorham et al., , 1990 Byrt et al., 2014) . However, in the above studies in rice and wheat, no gene disruption alleles in HKT1;5 genes have been reported or investigated to date. HKT1;5-dependent leaf Na + exclusion systems in rice and wheat are considered to be analogous to the mechanism mediated by AtHKT1;1 in Arabidopsis (Horie et al., 2009) . However, the Na + exclusion mechanism in such crops appears to be more complicated as, unlike the case of AtHKT1;1, multiple HKT genes exist in those species (Garciadebl as et al., 2003; Huang et al., 2008) . Indeed, another important allele for Na + exclusion, Nax1, was identified in parallel with Nax2 by wheat QTL analysis (Lindsay et al., 2004; James et al., 2006) . The Nax1 was later predicted to be the TmHKT1;4-A2 gene from T. monococcum, which also encodes a class I transporter (Huang et al., 2006) . The Nax1 locus contributes to Na + exclusion from leaf blades by mediating Na + unloading not only in roots but also in leaf sheaths under salt stress . However, another study using the same Nax lines suggested that Nax loci confer two highly complementary mechanisms, both of which contribute towards reducing the xylem Na + content. One enhances the retrieval of Na + back into the root stele via HKT1;4 or HKT1;5, whilst the other reduces the rate of Na + loading into the xylem via SOS1 (Zhu et al., 2016) . Thus, the actual role of HKT1 in Na + unloading from the xylem may be not as straightforward as above experiments have suggested. Evidence has accumulated that class I transporters in rice, OsHKT1;1 and OsHKT1;4, are also involved in the mechanism of Na + exclusion from leaf blades during salt stress (Cotsaftis et al., 2012; Takagi et al., 2015; Wang et al., 2015; Suzuki et al., 2016) . Based on these findings, the involvement of OsHKT1;5 in the Na + exclusion from leaves is predicted; however, detailed physiological roles of OsHKT1;5 remain to be elucidated. In this study, we have characterized two independent T-DNA mutants of rice for the OsHKT1;5 gene, and carried out physiological experiments including 22 Na + tracer studies. This study provides evidence that OsHKT1;5-dependent Na + transport in roots, leaf sheaths and stems is a key salt tolerance mechanism over growth stages of rice. The presented results also provide insight into a new physiological function of OsHKT1;5 under salt stress.
RESULTS
Subcellular localization of OsHKT1;5 in leaf sheath protoplasts of rice
Either the enhanced green fluorescent protein (EGFP) or a chimeric OsHKT1;5 fused with EGFP at the N-terminal (EGFP-OsHKT1;5) were transiently co-expressed with a plasma membrane (PM) marker orange fluorescent protein (OFP)-fused to CBL1n (Held et al., 2011) in protoplasts from leaf sheaths of rice seedlings. In confocal microscopy, green fluorescence of EGFP-OsHKT1;5-expressing cells was observed in the periphery of the cells and overlapped well with the red fluorescence from CBL1n-OFP (Figure 1a d). In contrast, green fluorescence was broadly detected inside of control cells expressing EGFP alone and no overlap with the red fluorescence was observed (Figure 1e-h ). These results indicate that OsHKT1;5 is targeted to the PM in rice cells.
Isolation of OsHKT1;5 mutants
Homozygous mutants (HM) and their sibling wild-type (WT) plants were isolated from two independent T-DNA mutant lines of rice for OsHKT1;5, 3D-00458 and 4A-02764 ( Figure 2a ). No mature OsHKT1;5 transcript was detected in 00458-HM plants by reverse transcriptionpolymerase chain reaction (RT-PCR) using 10-day-old whole rice seedlings (Figure 2b ). On the other hand, 02764-HM plants showed a reduction in the OsHKT1;5 transcript in comparison with the level of WT plants ( Figure 2b ). These results suggested that the 00458-HM plant is a knockout mutant, while the 02764-HM plant might be a mutant that shows abnormal expression of OsHKT1;5. Figure S1 ).
Tissue specificity of OsHKT1;5 gene expression and its product
To have a better insight into the role of OsHKT1;5-mediated Na + transport in rice, immuno-staining using an anti-OsHKT1;5 peptide antibody was conducted. Three-4-week-old 00458-HM and -WT plants were treated with 50 mM NaCl for 3 days. Immuno-staining on tissue sections of WT plants resulted in detecting strong immuno-signals within the vascular regions of the crown root and the basal node ( Figure 4a , c, e). In the root, signals were predominantly detected in cells next to the protoxylem and the metaxylem I (Figure 4c ). In the basal node, interestingly, strong signals were identified in the phloem of some diffuse vascular bundles (DVBs; Figure 4e , g, i). The 00458-HM mutant revealed no reliable signal in the same experiment conducted in parallel, supporting the fidelity of OsHKT1;5-derived immuno-signals in WT plants (Figure 4b, d, f, h) . In tissues of different developmental stages, the OsHKT1;5 transcript was found to be robust in roots throughout the stages (Figure 5a ). Notably, a substantial increase in the OsHKT1;5 transcript level was detected in Figure 3 . Profiles of accumulation and distribution of Na + in the OsHKT1;5 knockout mutant under salt stress. (a) Na + contents in each tissue of 00458-HM (black bars) and 00458-WT (white bars) plants. Three-week-old rice plants were prepared by hydroponic culture and treated with 50 mM NaCl for 3 days. L6B, 6th leaf blade; L5B, 5th leaf blade; L6S, 6th leaf sheath; L5S, 5th leaf sheath; BS, basal stem; R, root. tissues composing the stem and ear structures such as nodes, internodes, peduncles and rachises, with the highest expression in node I ( Figure 5a ). Furthermore, a laser microdissection (LMD)-mediated quantitative realtime PCR (qPCR) analysis revealed the predominant expression of OsHKT1;5 in DVBs with a reduced level of expression in enlarged vascular bundles (EBVs), which was a comparable level to that in the basal stem (Figure 5b ).
The function of OsHKT1;5 in the reproductive growth stage of rice under salt stress Given the fact that OsHKT1;5 expression level was highly increased in the stem during the reproductive growth stage ( Figure 5 ), 00458-HM and -WT plants, which were about to start heading, were treated with a long-term salt stress. A gradual increase in the NaCl concentration from 25 mM to 100 mM for more than 1 month led to more severe damage to the null mutant in visual with a trend of withering of old leaves compared with WT plants (Figure 6a) . Measurements of the Na + content in upper tissues have indicated that 00458-HM plants accumulate significantly higher Na + in flag leaves and peduncles, but not in nodes and lower internodes (Figure 6b ). On the other hand, the K + content was decreased in flag leaves and nodes (Figure 6c ). The weight of seeds of the null mutant exhibited an approximately 11% reduction compared with WT plants (Figure 6d ). Furthermore, seeds from the null mutant showed a lower germination rate than that of WT ( Figure 6e ).
The mutant line 02764 is a unique material: OsHKT1;5 expression profile in the mutant
We performed qPCR analysis on OsHKT1;5 expression in 02764-HM plants considering that the T-DNA inserted in the promoter region harbors an enhancer element constituted of the CaMV 35S core promoter (Jeong et al., 2002) . In roots of approximately 3-week-old 02764-WT plants, salt stress significantly increased the level of OsHKT1;5 transcripts; however, insertion of a T-DNA largely diminished its transcript level in the 02764-HM mutant irrespective of salt stress (Figure 7a ). In shoots of 02764-HM plants grown under the control condition, the OsHKT1;5 transcript level was significantly increased in blades and sheaths of young leaves but not in basal stems in comparison with 02764-WT plants (Figure 7b ). Under salt stress, the transcript level in leaves of both 02764-WT and -HM plants was maintained or even decreased compared with control (Figure 7b) . Note however that, in the basal stem, increases in the OsHKT1;5 transcript by salt in WT roots was impaired in the mutant (Figure 7b ). Results of immuno-staining using the line 02764 showed that expression of OsHKT1;5 was severely reduced in roots and basal nodes of the 02764-HM mutant in comparison with the sibling WT (Figure S2 ). However, no apparent immuno-signal was detected in leaf sheaths of both WT and mutant even though OsHKT1;5 expression is significantly higher in the mutant (Figure 7b ), for which the reason is not clear. These results indicated that the 02764-HM mutant is not a simple gene knockdown line, but overexpresses OsHKT1;5 in leaf sheaths and blades with severe reductions in its expression in roots and salt-induced upregulation in basal stems.
Accumulation and distribution of Na + in the 02764-HM mutant and their impact on the growth under salt stress
Patterns of Na + accumulation and Na + distribution in tissues were also investigated using the line 02764. 02764-HM plants showed the trait of Na + over-accumulation in leaves ( Figure 8a ). However, Na + accumulation was prominent in leaf sheaths but not in blades that rather exhibited less Na + accumulation in this stress condition in contrast to the pattern of Na + accumulation in leaves of the 00458-HM mutant (Figures 3a and 8a) . Na + overaccumulation in young leaf sheaths of 02764-HM plants was also observed under more severe salt stress, accompanied with trends with a slight increase in Na + accumulation in leaf blades and basal stems as well ( Figure S3 ). 22 Na + tracer analysis further revealed that the 02764-HM mutant drew more 22 Na + into shoots compared with WT plants (Figure 8b, c) . However, the blade/sheath ratio and the line profiling of the youngest expanding leaf (L3) again indicated that a considerable amount of 22 Na + was retained in the sheath region of 02764-HM plants compared with WT plants (Figure 8d , e). These results suggested that 02764-HM plants overexpressing OsHKT1;5 in sheaths block the Na + transfer to leaf blades more efficiently than WT plants.
Growth of 02764-HM plants was monitored to evaluate the influence of unusual OsHKT1;5 expression and Na + distribution. Approximately 2-week-old hydroponically grown plants were treated with 0, 40 or 80 mM NaCl for 21 days. The growth and biomass of the 02764-HM line showed a growth reduction of 25% and 72%, at 40 and 80 mM of NaCl, respectively, compared with the control (Figure 9a , b), whereas WT plants showed only a slight growth reduction of 5% at 40 mM and 25% at 80 mM of NaCl (Figure 9a , b). The mutant exhibited significant decreases in the number of tillers per plant (P < 0.01) in contrast to WT (Figure 9c ). (Figure 10a ). Blade/sheath Na + ratios of young leaves, L6 and L7, were significantly higher in 00458-HM plants than those of 02764-HM and WT plants (Figure 10b ). These results indicate that OsHKT1;5 is involved in transport of Na + via xylem in the leaf sheath.
We also investigated Na + distribution by 22 Na + tracer experiments to quantitatively evaluate the amount of Na + that reaches to young leaves, including the newest developing leaf. Na + accumulation in young expanded leaves, Harvested seeds from three independent pots were mixed and the weight of 100 seeds selected at random was measured four times, based on which the weight of 1000 seeds was estimated (AESD). (e) Germination rates of the seeds. One-hundred seeds selected at random from above-mentioned seed populations were germinated on a 1 mM CaSO 4 solution. The same test was repeated four times (AESD). The Student's t-test was used for the statistical analysis: *P < 0.05 (HM versus WT). (a) Results of qPCR for OsHKT1;5 using 3-week-old 02764-HM and 02764-WT plants. Expression of OsHKT1;5 in roots, relative to roots in the control condition, is shown (n = 6, AESD). An asterisk (*) indicates a significant difference (P < 0.05, the Student's t-test: WT versus HM).
(b) Results of qPCR using tissues in shoots. Expression of OsHKT1;5 in young leaves and basal stems, relative to the 6th leaf blade in the control condition, is shown (n = 6, AESD). L6B, 6th leaf blades; L6S, 6th leaf sheaths; L5B, 5th leaf blades; L5S, 5th leaf sheaths; BS, basal stem. Different alphabets represent significant differences at the level of 5% (Tukey's test).
L7 and L8, of approximately 4-week-old plants exposed to a mild salt stress showed similar trends to the previous observation such that 00458-HM plants allow Na + overaccumulation in leaf blades, while the level of Na + in blades of 02764-HM and WT plants is low (Figures 10c) . Note, however, that the newest immature leaf (L9) that yet hides in the sheath of L8 and remains as a sink tissue exhibited a similar level of Na + over-accumulation in both mutants ( Figure 10c ). (Figure 1 ), these data provide compelling evidence that OsHKT1;5 prevents Na + transfer from roots to shoots in the presence of a large amount of Na + , most likely by mediating Na + unloading from the xylem as has been expected (Horie et al., 2009; Hauser and Horie, 2010) . Note that the term 'Na + unloading from the xylem' signifies a process in which transporters located at the xylem parenchyma cell interface retrieve Na + from apoplastic space, which results in reducing diffusive transfer of Na + into the xylem vessel that is a dead tissue. A working model of OsHKT1;5 in roots in response to salt stress is shown in Figure 11 . The 02764-HM mutant was found to exhibit a distinct profile of OsHKT1;5 gene expression such that the mutant overexpresses the OsHKT1;5 gene in leaves with a severe reduction in its expression in roots (Figure 7a, b) , presumably due to the location of the T-DNA insertion (Figure 2 ) and the enhancer trap element that the T-DNA encompasses (Jeong et al., 2002 (Figure 10a, b) . In wheat, the TmHKT1;5-A gene homoeologous to OsHKT1;5 was reported to function in Na + unloading from the xylem predominantly in roots, but Na + exclusion at the xylem of leaf sheaths was indicated to be mediated by the TmHKT1;4-A2 gene (Huang et al., 2006; James et al., 2006; Byrt et al., 2007) . In contrast, the contribution of OsHKT1;4 to Na + exclusion from leaf blades appears to be minor in rice affected by salt stress during the vegetative growth stage, even though OsHKT1;4 expresses in leaf sheaths (Suzuki et al., 2016) . Taken together, the above-mentioned results demonstrate that OsHKT1;5 mediates Na + unloading from the xylem in roots and leaf sheaths to avoid Na + over-accumulation in young leaf blades upon salt stress (Figure 11 ). Given that OsHKT1;5 overexpression in leaf sheaths resulted in better Na + exclusion from blades (Figures 8 and   10 ), it was intriguing that OsHKT1;5 transcript levels in sheaths of japonica rice cultivars tended to be decreased in response to salt stress (Figures 7b and S4) . Investigation into the relation among OsHKT1;5 expression in leaf sheaths, Na + concentrations in leaf blades, and overall salt tolerance across broad rice accessions might be an interesting subject to pursue.
OsHKT1;5-mediated Na + transport in the phloem: a novel physiological role of OsHKT1;5
22 Na + tracer experiments indicated that both 00458-HM and 02764-HM mutants over-accumulated Na + in the newest leaf (L9) having no structural discrimination between the blade and the sheath, in contrast to the pattern of Na + accumulation in leaf blades of youngest-expanded leaves (L7 and L8) of the two mutants (Figure 10c ). This result implies that the leaf protection mechanism by OsHKT1;5 from salt stress might not be simply dependent only on Na + unloading from the xylem.
In support of this notion, immuno-staining indicated robust expression of OsHKT1;5 in the phloem of some DVBs of basal nodes (Figures 4e-i and S2e-h), which are connected to younger leaves (Hoshikawa, 1989) . As shown in Figure 7 (b), a salt-inducible increase in the OsHKT1;5 transcript in basal stems was abolished in the 02764-HM mutant. The lack of OsHKT1;5 induction might cause deficiency in the activity of OsHKT1;5-dependent Na + transport, necessary for dealing with increased Na + ions in this tissue under salt stress. Consistently, an immune-staining analysis on the line 02764 revealed that immuno-signals in DVBs of basal nodes of the homozygous mutant were severely reduced under salt stress in comparison with the sibling WT ( Figure S2e-h ). Based on these results, we assume that OsHKT1;5 also mediates Na + exclusion in phloem parenchyma cells in the DVB of basal nodes in order to prevent Na + transfer to phloem sieve tubes that function in upward sap flow, through which Na + can be translocated to young leaf blades (Figure 11) . OsHKT1;5-mediated Na + exclusion in rice 665
Impact of OsHKT1;5-mediated Na + transport on salt tolerance of rice Two independent T-DNA insertional mutations in the OsHKT1;5 gene gave rise to no growth penalty under any of the control conditions tested or in short-term salt stress conditions. qPCR analyses revealed that OsHKT1;5 gene expression characteristically increases in tissues that constitute the stem and the panicle in the reproductive growth stage (Figure 5a ). Long-term salt stress on 00458-HM plants in the reproductive growth stage resulted in slight but apparent damage in visual, especially in old leaves in comparison with 00458-WT plants (Figure 6a ). The largest influence was found in the Na + content of flag leaf blades that are a key tissue supplying assimilation products to panicles, indicating a high impact of OsHKT1;5 function on the protection of the vital blades from salt stress at this stage as well (Figure 6b ). The disruption of OsHKT1;5 also had a minor influence on the K + accumulation in flag leaf blades and nodes, which suggests that the relevance of OsHKT1;5-mediated Na + exclusion to the K + homeostasis may be indirect (Figure 6c ). On the other hand, however, it is noteworthy that the dysfunction of OsHKT1;5 caused a significant reduction in the K + content in flag leaf blades (Figure 6b, c) , because it indicates that OsHKT1;5-mediated Na + transport achieves a higher K + /Na + content ratio in vital leaf blades, known to be an essential parameter for plant salt tolerance (Hauser and Horie, 2010; James et al., 2011) . The OsHKT1;5 transcript level in node I, which is the uppermost node connected to the peduncle and the flag leaf, was found to be robust ( Figure 5a ). As has been recently well described by Yamaji and Ma (2014) , nodes play a key role in the distribution of mineral elements including toxic elements, which are translocated from the root. Different types of vascular bundles exist in nodes, including EVBs and DVBs. In the case of node I, EVBs and DVBs were connected to the flag leaf and the panicle, respectively (Yamaji and Ma, 2014) . OsHKT1;5 transcripts were detected in both EVBs and DVBs of node I with a much higher degree of accumulation in DVBs (Figure 5b ), which suggests a large impact on the Na + homeostasis of the panicle and seeds under salt stress. Indeed, the lack of OsHKT1;5 resulted in an approximately 11% reduction in the weight of 1000 seeds compared with WT under salt stress (Figure 6d ). Moreover, lower germination rates of seeds harvested from the null mutant indicated a negative 22 Na + imaging analysis by direct 22 Na + introduction into the cut end of leaf sheaths. Four-week-old rice seedlings treated with 10 mM NaCl for 2 days were cut at the position of 5 mm above the root, and the cut end of the leaf sheath was placed in the solution containing 3700 Bq/ml of 22 Na + for 30 min. The allocation of 22 Na + in leaves 6 and 7 (L6 and L7) was analysed using an imaging plate (IP), and line profiles of 22 Na + along the sheath of L6 are presented. (b) Blade/sheath 22 Na + distribution ratios of L6 and L7 (n = 6, AESD). The Student's t-test was performed versus Dongjin: *P < 0.05, **P < 0.01. (c) Allocation of 22 Na + in young leaves (L7-9) of 4-week-old rice plants after 3 h of the tracer uptake in roots. Rice plants treated with 10 mM NaCl for 2 days were placed into a nutrient solution containing 22 Na + (1100 Bq/ml) for 3 h, and then the radioactivity in leaf samples was measured by a gamma-counter to determine the amount of Na + transported to tissues of young leaves (n = 3, AESD). Note that L9 was the immature youngest leaf, which was in the middle of the leaf development. Different alphabets represent significant differences (Tukey's test).
impact of loss-of-function of OsHKT1;5 on the quality of seeds (Figure 6e) .
A long-term salt stress on the mature 02764-HM mutant also resulted in causing more damage to the mutant than WT (Figure 9 ). Even though the distinct overexpression of OsHKT1;5 in leaf sheaths prevented Na + over-accumulation in blades in short-term salt stress conditions, prolonged stress treatments with higher concentrations of NaCl can be presumed to exceed the capacity for blocking the Na + transfer to blades (Figures 8, 10a , b, and S3), suggesting a major importance of OsHKT1;5-mediated Na + transport activity in roots for a reduction in Na + toxicity during salt stress. Evidence has accumulated that OsHKT1;1 and OsHKT1;4 genes, orthologues of OsHKT1;5 in rice, also contribute to Na + exclusion from leaf blades in rice exposed to salt stress (Cotsaftis et al., 2012; Takagi et al., 2015; Wang et al., 2015; Suzuki et al., 2016) , which suggest potential functional redundancy among the three OsHKT1 genes in the Na + exclusion mechanism in rice. Nevertheless, OsHKT1;5 mutants used in this study showed the remarkable disturbance in Na + homeostasis and visual damage due to salt stress, providing evidence of the essentiality of OsHKT1;5 on the overall salt tolerance of rice over the investigated growth stages. Allele mining of the HKT1;5 gene using accessions from Oryza sativa and Oryza glaberrima has revealed that seven major alleles of HKT1;5 identified are strongly associated with leaf Na + concentrations across diverse accessions (Platten et al., 2013) . Moreover, among the seven alleles, the japonica allele was expected to confer the lowest Na + exclusion from leaves under salt stress (Platten et al., 2013) . It is thus intriguing to investigate whether specific differences in the sequence of the alleles make a direct influence on leaf Na + concentrations and, if so, whether any causal sequence can be determined among them in addition to key nucleotide substitutions between a salt-tolerant landrace Nona Bokra and a -sensitive japonica cv. Koshihikari, reported by Ren et al. (2005) .
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Japonica rice cultivars Dongjin and Nipponbare (O. sativa L.) were used in this study. Possible independent T-DNA mutants for OsHKT1;5 were found at the Rice Functional Genomic Express Database (http://signal.salk.edu/cgi-bin/RiceGE). Homozygous mutants that harbor a T-DNA insertion in the OsHKT1;5 gene were isolated from the lines PFG_3D-00458 and PFG_4A-02764 using the specific primers (Table S1 ). At the same time, sibling WT to each mutant was isolated from the same parent line as the homozygous mutants. Seeds were surface sterilized and germinated as described previously (Horie et al., 2001) . For the preparation of rice plants in the vegetative growth stage, hydroponic culture was performed using a growth chamber with a light/dark cycle of 16/8 h at 28-30°C. Kimura B nutrient solution was in general used (Ma et al., 2001) , except for the test of the salt sensitivity of PFG_4A-02764 for which the growth medium was Hoagland solution: 1.25 mM KNO 3 ; 0.5 mM Ca(NO 3 ) 2 ; 0.5 mM MgSO 4 ; 42.5 lM Fe-EDTA; 0.625 mM KH 2 PO 4 ; 0.16 lM CuSO 4 ; 0.38 lM ZnSO 4 ; 1.8 lM MnSO 4 ; 45 lM H 3 BO 3 ; 0.015 lM (NH 4 ) 2 MO 7 O 24 ; 0.01 lM CoCl 2 (pH 5.5-6.0). Saline hydroponic solution containing the indicated amount of NaCl was applied for salt stress.
Approximately 10-day-old rice seedlings from the line PFG_3D-00458 were transferred to plastic pots filled with the paddy-field soil and grown in a greenhouse. The homozygous mutant and WT plants were planted side by side in the same pot. Salt stress was initiated with 25 mM NaCl-containing tap water just before soilgrown plants started heading, and the concentration was Figure 11 . A possible working model of OsHKT1;5 in Na + exclusion in the vasculature of rice during salt stress, based on the present study. Schematic illustration of a longitudinal section of a rice seedling. OsHKT1;5 mediates removal of Na + in the plasma membrane (PM) of the xylem parenchyma cell (XPC) in roots and sheaths, and the phloem parenchyma cell (PPC) in the diffuse vascular bundle (DVB) of basal nodes. Black lines in the seedling represent vascular bundles, and a wider part in the basal stem shows an enlarged vascular region that includes DVBs. Note that sieve tubes that are located in this enlarged region lack phloem companion cells, and thus the tubes are surrounded by PPCs.
gradually increased by 25 mM up to 100 mM for more than a month (Suzuki et al., 2016) . For the measurement of ion contents, two independent plants per genotype from two different pots were used, and six randomly-selected stems were sampled in each pot. As for yield estimation and the test for the seed germination rate, seeds were harvested from three independent plants per genotype, planted in three different pots.
Subcellular localization analysis using rice protoplasts
For the fusion of the EGFP at the N-terminal of OsHKT1;5, the OsHKT1;5 cDNA was amplified by PCR using specific primers containing XbaI (5 0 ) and BamHI (3 0 ) restriction sites. For the primers, see Table S1 . Amplified fragments were subcloned downstream of EGFP in frame in pBI221 (Horie et al., 2007) .
Protoplasts were isolated from leaf sheath of 7-day-old rice seedlings and transformed as described previously (Zhang et al., 2011; Suzuki et al., 2016) . In brief, a PM marker CBL1n-OFP (Held et al., 2011) was mixed with either EGFP-OsHKT1;5 or free EGFP and added to isolated protoplasts. Then polyethylene glycol (PEG 4000) solution was added. The protoplasts were re-suspended in the WI solution (0.5 M mannitol, 20 mM KCl, 4 mM MES, pH 5.7) and kept in the dark at 24°C. Confocal microscope and image analyses were performed as described in Suzuki et al. (2016) .
Total RNA extraction and RT-PCR analyses
Total RNA was extracted from rice tissues using an RNeasy Plant Mini Kit (Qiagen, Limburg, the Netherlands). RT-PCR and qPCR analyses were performed as described previously (Yamaji et al., 2013; Suzuki et al., 2016) . Primers used for RT-PCR analyses were listed in Table S1 .
To analyse the tissue-specific expression of OsHKT1;5 in node I, qPCR analysis was performed using the same samples, which were derived from vascular bundles of node I and used for the analysis on OsHKT1;4 expression (Suzuki et al., 2016) .
Measurements of ion contents
Measurements of ion concentration in rice tissues were performed as described previously (Suzuki et al., 2016) . In brief, tissue samples were harvested and washed with ultrapure water twice and dried at 65°C. Then all samples were digested using ultrapure nitric acid (Kanto Chemical, Japan) for 1-2 days and boiled at 95°C for 10 min three times. Ion contents were determined using an inductively coupled plasma optical emission spectrometer (ICP-OES; SPS3100, SII Nano Technology, Japan).
Immuno-histological staining of OsHKT1;5
The synthetic peptide TATTHDEVELGLGRRNKRGC (positions 167-186 of OsHKT1;5) was produced by immunizing rabbits to obtain the peptide antibody against OsHKT1;5. Tissues including basal nodes and roots at the vegetative stage (approximately 3-4-weekold plants) of OsHKT1;5 mutants and their sibling WTs, treated with 50 mM NaCl for 3 days, were used for immunostaining of the OsHKT1;5 protein as described previously (Yamaji and Ma, 2007; Yamaji et al., 2013) . Fluorescence of secondary antibody (Alexa Fluor 555 goat anti-rabbit IgG; Molecular Probes) was observed using a confocal laser-scanning microscopy (LSM700; Carl Zeiss).
Na + imaging analysis
To trace the Na + transport, plants were treated with the nutrient solution containing 10 mM NaCl and 22 Na + (4.4 kBq/ml), and then the roots were washed with the ice-cooled nutrient solution for 10 min. The 22 Na + absorption period was 30 min for 2-week-old seedlings and 3 h for 4-week-old seedlings. The radiation of 22 Na + in each tissue was analysed using either the NaI counter (ARC-300, Aloka) to calculate the amount of Na + (nmol), or quantitatively visualized using an imaging-plate (IP; BAS IP MS, GE Healthcare Lifescience) and a FLA-5000 image analyser (FUJIFILM) with a resolution of 100 lm. The distribution of 22 Na + in leaf tissues was recorded by setting the region of interest (ROI), and their sum was presented as the amount of 22 Na + in the shoot. Consequently, the shoot/root ratio and the blade/sheath ratio were determined as the ratio between the amount of 22 Na + in each specified tissue. The line profile data of 22 Na + along sheath samples were obtained by setting the long narrow ROI as described previously (Suzuki et al., 2016) .
For the direct introduction of 22 Na + into the xylem of leaf sheaths, the shoot part of 4-week-old plants was cut at the position of 5 mm above the root, and the cut-surface was soaked in the solution contained 15 mM KCl, 1 mM MgSO 4 , 1 mM Ca(NO 3 ) 2 , 0.5 mM NaH 2 PO 4 and 1.8 kBq/ml 22 NaCl for 30 min. The image of 22 Na + distribution in each leaf part was obtained using an IP.
The multi-compartment transport box experiment using 1-week-old seedlings was performed as described previously (Kobayashi et al., 2013) .
22 Na + (2 kBq/ml) was applied in the nutrient solution only in the middle compartment where the root region of 1-2 cm from the root tip was placed.
22 Na + (2 kBq/ml) was applied for 15 min to the root region of 1-2 cm from the root tip, and the allocation of 22 Na + was quantitatively visualized (Figure S1 ).
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